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TECHNICAL NOTE NO. 1269

METHOD FOR CALCULATING WING CHARACTERISTICS
BY LIFTING-LINE THEORY USING NONLINEAR
SECTION LIFT DATA

By Jemes C. Sivells and Robert H. Neely

SUMMARY

A method le presented for calculating wing characteristics by
lifting-line theory using nonlinear section lift data., Haterial
from verious sources is combined with same original work into the
singlé complete method desoribed. Multhopp!s systems of multipliers
are employed to ohtaln the induced angle of atbtack directly from
the spanwise 1lift distribution. Equations sre developed for
obtaining these mltipliers for eny even number of spsnwise statlons,
end veluss are tebulated for ten stablions along the semispan for
asymmetricel, symmetrical, and sntisymmetricel 1ift distributions.
In aorder to minimize the computing time and to illustrate the
procedures involved, simplified computing forms containing detailed
examples sre given for syumestrical 1lift distributions. Bimilar
forms for asymmetrical and antisyrmetricel 1ift distributions,
although not shown, can be réadily constructed in the sars manner
as those given, The adaptation of the method for use with linear
section 1ift deta is also i1llustrated., 'This adaptation has been
found to require less computing time than mosn existing mathods.

The wing characteristics calculated from general nonlinear
section 1ift data have been found to agree much closer with
experimental data in the region of marimum 1ift ‘coefficient then’
those calculated on the assumption of linear section 1ift curves.

The calculations &ere subjJect to the limitations of lifting-line theory
and should not be expected to give accurate results for wings of
low aspect ratio and large amounts of swesp.

'INfI‘RODUCTION

The lifting-line theory is the best known and most readily
applied theory for obtaining the spanwise lift distribution of
a wing and the subsequent determination of the serodynsmic cheracter-
istics of the wing from two-dimensional airfoil data. The character—
istics 8o determined are in fairly close sgreement with experimental
results for wings with small amounts of sweep and with moderate
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to high values of aspect ratlo; for thils reason, this theory has
served as the basis for a large part of present aeronautical
knowledgs, '

The hypothesis upon which the theory is based 1s that a
1ifting wing can be replaced by a lifting line and that the
incremental vortices shed along the span trail behind the wing in
gtraight lines in the direction of the free—stream velocity. The
strenglth of these tralling vortices ls proportional to the rate
of change of the 1li1ft along the span. The trailing vortices induce
a velocity normal to the direction of the free—stream velocity and
to the lifting line., The effective angle of attack of each section
of the wing is therefore different from the geometric angle of
attack by the amount of the angle {called the induced angle of
attack) whose tangent ie the ratio of the value of the induced
velocity at the lifting line to the value of the free-gtream
velocity. The effective angle of attack is thus related to the
lirt distribution through the induced angle of attack., In addition,
the effective angls of attack ie relaeted to the section 1lift
coefficlent according to two-dimensionel data for the airfoil
sections incorporated in the wing. Both relationships must be
simltaneously satisfied in the celculation of the 1lift distribution
of the wing.

If the section 1ift curves sre linear, these relationships
may be expremsed by a single equation which can be solved amalytically.
In generael, however, the ssction lift curves are not linesr,
rarticulerly at high angles of attack, and analytical solutions
are not feagible. The method of calculating the spanwise 1if%
distribution using nonlinear section lift data thus becomes one of
making successive approximations of the 1ift distribution until
one ip found that simulteneousiy setiafies the aforementioned
relationships. :

Such a method has been used by Wieselsberger (reference 1)
for the region of meximum 1ift coefficient and by Boshar (reference 2)
for high~subsonic speeds. Both of these writers used Teni's
system of multipliers for obtaining the induced angle of attack
at five stations along the semispan of the wing (reference 3).
Tenl, however, considered only the case of wings with symmetrical
1ift distributions. Multhopp (reference 4), using a somewhat
different mathematical treatment from that which Tani used, derlved
systens of multipliers for symmetrical, antisymmetrical, and
agymetrical 1ift distributions for four, eight, -and sixteen
stations along the semispan. Multhoppts derivation, in slightly
different form end nomenclature, is presented herein and tables
are given for the multipliers for ten stetions along the semispan
(the 'usual number of stations considered in many reports in the
United States).
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For symmetricel distributions of wing chord end angle of
attack, the multipliers for symmetrical 1ift distributions may be
uged with nonlinear or linear section lift curves, For asymmetrical
distributions of angle of attack, the mulbtipliers for asymmetrical
1ift distributions must be used if nonlinear section 1lift curves
ere used, If an asymmetrical distribution of angle of attack can be
broken up into a symmetrical and an entigrmmetrical distribution,
the antisymmetrical part may be treated separately if the section
1ift curves cen be assumed to be linsar.

The purpose of the present paper is to combine the contributlors
of Multhopp and several other writera, together with some original
work, into a single complete method of calculating the 11ft
distributions and force and moment characteristicse of wings, using
nonlinear section 1ift data. Simplified computing forms are glven
Por the calculation of symmetrical 1ift distributions and thelr use
is 1llustrated by a dstalled example, The adaptation of the method
Por use with linear section 1ift data is also illustrated. No
forms are given for asymmetrical or entisymmetrical 1lift distributions
inssmuch as such forms would be very similar to those glven.

SYMBOLS
S wing area
b wing span
c chord at eny section
Cgy root chord
Cy tip chord
[ mean geometric chord (S/b)
. A b/e2
c mean aerodynamic chord 5 JF ¢~ dy
A sspect retio (b2/s)
x coordinate parallel to root chord
Yy coordinate pefpendicular to plene of symmetry
z coordingte perpendicular to root chord and parallel to

plans of symmstry



froe—gtreem dynamic pressure ( %—pve)

| pVct

Reynolds number (B-ZP— or m

mass density -

free—-gtream valocity

coefficient of viscoslty

wing 1lift coefficient (L/q8)
section 1ift coefficient (1/qc) -
wing 1ift _
section 1ift

wing drag coefficient (D/qS)

* wing profile—drag coefflcilen’d

wing induced~drag coefficient

sectlon profile~drag coefficient

section induced-drag coefficlent

wing dreg

wing pitching-moment coefficient (M/qSct)
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section pitching-moment coefficlent about section quarter—

chord point
wing pltching monment
wing rolling-mcment coefficient ' (L.*/qS)
wing rolling moment
wing induced-yawing-moment ceoefficient

wing profile-yewing—moment coefficient

angle of att.ﬁck of any section along the span referred

o its chord line
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angle of attack of root section referred to its chord
line

angle of attack of root section referred to its zere
1if% line

section induced angle of attack

effective angle of atback ¢f any section

section angle of attack for two-Gimensiopal airfoils
angle of zero 1lift of any section

angle of zero 1ift of root section

wing angle of attack for zero 1lift

geometric angle of twlst of any section along the span
(negative if washout)

eerodynemic angle of twist of sny section along the span
(negative if washout)

geomstric angle of twist of tlp sectiomn
aerodynamlic angle of twist of tlp section
wing lift~curve slope, per degrse

section lift—curve slope, per degres
Two—dimensional :ift—curve slope

Edge~veloclity factor

coordinate (3y/b)
cosfficlents in trigonometric series

mltiplier for induced angle of attack (esymmetricel
distributions)

miltiplier for induced angle of attack (symmetrical
distributions)

mltiplier for induyced angle of attack (antisymmetrical
distrivutions)
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T multiplier for 1ift, drag, and pitching-moment coefficients
{asymmetrical distributions)

) multiplier for 1ift, drag, and pitching-moment coefficientes

ms (symmetrical d&istributions)

O muitiplier for rolling- end yawing-moment coefficients
(aaymmetrical distributions)

e, mnltiplief for rolling-moment coefficient (antisymmstrical
distributions)

E edge-velocity factor (?emiperimete#>

8pun

Subseripts

max maxirmum veluse

al value for additional lift (COp = 1)

b value for basic Lift (Cr, = 0)
C%as) value for constant.value of aas-

Gt;) value for given value of Et'

THRORETICAL DEVELOPMENT OF METHOD

Iift Distribution

L3

The mothods of 'Teni (reference 3) end Multhopp (reference 4)
for detormining the induced engle of attack are Tundamentally
the seme, differing only in the mathematical trestment., The
method pressated herein ls sssentirlly the seme as that given
by Multhopp, In the following derivation the spanwise 1ift
dlstribution 1s expressed as the trigonomstric series

‘ E%E =:§::An gin no (1)

es in reference 5, vhere 6 is def;ngd.by the relation cos @ = %? .
It may be noted that each coefficient A,, as used herein, is equal
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to Pour timss the corresponding coefficient in reference 5., The
induced angle of attack (in degrees) at a point y; on the lifting
line is

. b/2 - CIC
@y = L&Q 2 -——b—i( ) dy (2)
x 8x ay
U-b/2
Ji1 =¥

This integral (in different nomenclature) was given by Prandtl in
reference 6. If equation (1) is substituted into equation (2) and
the variable is chenged from ¥y %to 6, +the induced angle of attack
at the general point 6 becomes, according to reference 5, '

:nAn sin nd _ (3)

The problem of 'obtaining the induced angle of atbtack is thus reduced
to one of determining the coefficients of the trigonometrlic series.

The 1ift distribution (equation (1)) may be approximated by
e finite trigonometric series of r —~ 1 +terms where, for subsequent

c.C
usage, r 1s assumed to be even. The values of —%—- at the equally

spaced points 6 =2 in the range 0< 6 < x are expressed as
r

(_c%_ci>m = ﬁf.i A, sinn % (&)

Y]
where m =1, 2, 3, « «3 T — 1. Conversely, if ths values of —-%—-

are known at each point the coefficlents A, of the finite series
may be found by harmonic analysis as

_2 &=l cZQ\ izt o
An_;%;l_(—_;—)m sin n - (5}
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If equation (5) is substituted in equation (3), a double
sumation is obtalned for the induced angle of atbtack ses

8 r—1 e
%(6)'.:#:11-106 E n sin neé -2 (Z> sinn——
n .
o= _

z\-l
Lmr]ign 9 (_.Z__)m A n [cos n{og-— -—) -~ Cco8 n (6 + —

If the Induced angle of attack is to be determined at the same
points 6 et which the load distribution is known, that is, at the

polnts 6 = Im then

r—1

- 20 S ae) _@.,__)___Qs__._z_J
bar sin £ L /i & N . T . r

= o1 .
i( ) b . ()
m=1 -
where
rl -
180 3 n jcos n I _ 06 (k + m)x (n

-4ﬂrsin§‘1’~ﬁ;‘j: | T r r

It can be shown that, if cos P # 1,

Iz_ilncosnﬁ T cos (r—l)[é-—(r-—l) cos rf — 1
=7 .

2(1 - cos §)
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It ﬁ = 0, & numerical series 1is obtained

- nzrgr-l)
2

n=

By use of these relationships in equation (7) it is found that,
wvhen kEim i1s odd .

Bl = 180 1 _ 1 (8a)
byr sin l;—;’t- 1 —~ cos LTSJ:;E).E 1 ~ cos _(L_:;mﬂ_
L .
when k=m
- 180r 8b)
Pae 8n sin %’5 (

end vhen kim is even and k #m

Bk = O (8c)

For a symmetrical 1lift distribution
(czc) . (czc> .
b /m b /r-m

g = Unx

80 that the summation for @iy needs to be made oniy from
1 to r/2
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r/2
7CqC
x = Z ("%")m Ak
m=1

where, when k I m is odd
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Ak = Pmk + Br-m,k (for m ¢ r/2)
180 cob (k +rm)1r oot (x -rm)ﬁ
onr sin 52| sin X mlx gin {E—mix
r r T
Amk = Bpe (for m = r/2)
- - 180
nr{cos 2k, 1)
T
wvhen k=m
Mk = Prge
- 180r
Lk
81{ sin -i'—

end when k+m is even and k £ m

Apic = O

For an antisymmetrical 1lift distribution

YRR

(9)

(10a)

(10b)

(10c)

(108)
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and

Fip T~ My

In this case the summation for a4, mneeds to be made only from 1
to (% — 1) since (07'°> = Q; then
(’Z ) B - /2 ?

T
57 o
c10
[ad = .—l_ ll
ik = . Z ( b )m Vmic (11)
m=1 :
where, when k X m is odd
Tmk = Bk — Preg,k
- 180 1 _ 1 (128)
2nr | g4n2 Lk + m) gine (k- m)x
T T
when k = m,
Yok = P
- . 180r — _ (12)
81!.’ sin '-I;-
end vhen kEIm is even and k £ m
Yo = © (12¢)

Multipliers cen thus be calculated so that the induced angle
mey be resdily obtained by multiplying the known values of —L=

by the appropriate mulitipliers and adding the resulting products.
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The maltipliers are independent of the aspect ratio and taper ratlo
of the wing. Tables I and II present values of Bpy, and xmk

and 7mk: respectively, for r = 20. Simlilar tables for —BOkmk

end ~807mk are given in references 7 and 8, respectively, but
2%

no derivation is given therein. Tables for lBOBmk’ lSOAmk’ and igaymk

are givan in reference 4 for velues of » =8, 16, and 32. An

inspection of tables I and II shows that positive values occur only

on the diagonal from upper left to lower right and that almost half

of the values are equal to zero. The muliipliers By and

nay be used with either nonlinear or linesr section 1lift data whereas

the multipliers for 7. may be used only with linear sectlon

1lift data.

The method of determining the 1lift distribution becomes one
of successive approximations. For & glven geomsiric angie of attack,
a distribution of ¢3; 1s assumed from which the load distri-

bution E%E is obtained. The induced angle of attack 1s then

determined by equation’ (6), (9), or (11) through the use of the
appropriete multipliers and subtrscted from the geometrlc angle

of attack to glve the effective angle of attack at each spanwlse
gtation. From section data for the sppropriate airfoll section and
local Reynolds nunmber, velues of ¢; are read which correspond

to the effectlive angle of attack of sach section. If these values

of ¢, do not agree with those originally sssumed, a second
assumption is made for c¢; and the process is repeated. Further
assumptions are made until the assumed values of ¢, are in agreement
with those obtained from the section dats.

Wing Characterlstics

Once the 1lift distribution of & wing has been determined, the
maln pexrt of the problem of celculeting the wing characterictics
is completed. The induced-drag and induced~yawing-moment coefficients
are entirely dependent upon the 1lift distribution and it is assumed
that the section profile-drag and pltching-moment coefficients are
the game functions of the 1lift coefficient at each section of the
wing as those determined in two~dimensionsl tests.

The celculation of each of the wing coefficients involves &
spanyise 1ntegration of the dietribution of a particuler .

function fkT? This integration can be performed numerlcally

through the use of additional sets of multipliers which are found .
in the following manner.
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If T
f(gbl) = £(cos 6) =Z A, sin ne

then

1 i
U/-]-l f(%z) d{%}) = Ufo (ZAH gin ne) gin G 46

=?é£A1

Since the values of f(%ir-) are determined at the pointe 9 = 1’-:1,

Al cen be found by hermonic enalysis as in equation (5)

i
_2\ gz) mr
Al—rL:E(b msin -
m=1
Therefore
1
f (2y> —- =X \ f(2y> gin o
r/_ v/,
m=1
=1 .
m=1
whers
Ny = -2-’;— sin 12'1‘-
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If the distribution is symmetrical, f<-2:b1> = f(%z>
m T

/-1 (%) (%) - 2 2{- #(35), ms (135)

where
= _r
We " (=<3)

The mement of the distribution f(?l) can be found in a esimilar
menner. b

[ ) @) 42~ [T s oo

= I
=i
r=l
= = ‘Z— f(?l) sin 28X
er bs/m
m=1
r—1
= 4 T} f(?l on (Lba)
b m
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where

= B Prasid
O 8 sin -

If the distribution is antisymmetrical, f(?i) = -~ f(gl>
b/m b /e

[ @0@ S @

where

Open = 20m

ars glven in teble IIT for r = 20,

Values of 1, Ts? Om? end o,

Wing 1lift coefficient.— The wing 1i1ft coefficlent is obtained
by means of a spanwise integration of the 1ift distribution,

b/2
G, = % c,c dy
—b/2
1
2 1 b b/

If the 1lift distribution is asymmstrical

r—1
Cr = A (G G_ 15a
G, E '%- " (15e)

m=1
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If the lift distribution is symmetrical

AR

m=1L

Induced—drag coefficlent.— The section induced-drag coefficlent

is equal to the product of the section 1ift coefficilient and the
induced angle of atteck in radians,

The wing induced~drag coefficlent is obtaeined by means of & spanwise
integratlon of the section induced-drag coefficient muliiplied by
the local chord;

b/2
180 i '
b/2 '

(€23 (and

e

1

_ A d(éz)
2 b 180
-,
For asymmetricel 1ift distributions
N r—l
Op, = = —l—~ ) 6

For gymmetrical 1ift distributions

1 180 Z‘[ (c (%] mnms | (16p)
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Profile~drag coefficient.— The section profile-drag coefficient

can be obtailned from secticn data for the appropriate airfoll section
and local Reynolds number. For each spenwlse station the profils-—
drag cosfficient 1s read at the section 1ift coefficient previocusly
determined. The wing profile—drag coefficient 1s then obtalned

by means of a spanwise Integration of the section profile-drasg
coefficient multiplied by the local chord:

b/2
Cp, ?.% ca, ¢ &
-b/2
1
_ 1
=3 °do““( 7)
g

For asymmetrical 1ift distributicns

ZI (cacz). ™ - (17e)

or for symmetricel lift distributions
r/2
CDO = (C do“_cc:) nms ( 17b)
o o m
m:l

Pitching-moment coefficient,— The section pitching-moment

coefficient about its quarter—chord point can be ocbtained from
Bection date for the spproprlate airfoll. section and local
Reynolds number. For each spanwise station the pltching-moment
coefficlent is reed at the section 1ift coefficlent previously
determined and then tramnsferred to the wing reference point by the
equation
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o Flcmc/h ~Z ¢y cos (g —ag) + cq, sin (ag — @ii}

¢, sin (o —ay) ~ cq,, cos (ag ~ aii] (18)

-z
c

vhere x end 2 &re measured from the wing reference polnt to the
quarter—chord point of the sectlon under consideration and upwerd
and backward forces aund disbances are taken as positive. The
section pitching-moment coefficient about ite aerodynamic center mey
be used instead of Crme, /2 in which cege x and 2z are measured

to the section aerodynamic conter. The term cg, ®in (ag — o) may
usually he neglected. The wing pitching-moment ccefficlent is obtained
by the spanwise integration

b/2
I 2.
C = - c
B ge? °m = 07
-b/2

[ )

For asymmetricel 1ift distributions

It

Cp = 2( )nm (19s)

For symmetricel 1lift distributions

(L'(c c2

coc!

(19p)

Rolling-moment coefficilent.—~ The rolling-moment coefficient
is obtained by means of a Sperwise integration ' ' o
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i

r—1
'ﬁAZE::(E%%>m O (202)
m=1 .

For an antisymmstrical 1ift distribution
l

_ *A"\_ ( (20b)

°ma

Induced—~yawing-moment coefficlent.— The induced—yawling-—

mement coefficlent is due to the moment of the indvcedrdrag
distribution o : .

o LT b/2 e
= ke "_C_LS%L
,Cni_ . &b 180 ?dy.
-b/2

1.

_A ee (Ey)
4 b ig%'b d'b

M.”,.;Ig &S_(% :ai)m .°'m- | | . ..(21)
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The induced~yawing-moment coefficlent for an antlisymmetrical 1lift
distribution is equal to zero and has little meaning inesmich as

the 1ift coefficient is also zero. The induced~yawing-moment
coefficient 18 a function of the lift and rolling-moment coefficients
end must be found for asymmetrical 1lift distributions.

Profile~yawing—moment coefficlent.— The profile—yawing—
moment coefficient 1s due to the moment of the profile-~frag
distribution,

b/2

J
=
.
| oad
e}
ol g’
Q
n
|G
[N
N
&
N

r—1
-5

"""" e

APPLICATION OF METHOD USING NONLINEAR SECTION LIFT DATA
FOR SYMMETRICAL LIFT DISTRIBUTIONS

The method described is applied herein to a wing, the geometric
characteristlics of which are given in table IV. Only symmetrical
1ift distributions are considered hereinafter inasmuch as these
are believed to be sufficient for illugtrating the method of
celculation. The 1ift, profile-dreg, and pitching-moment coefficlents
for the various wing sections along the span were derived from
unpublished airfoil data obtained in the Langley two-dimensional
low~turbulence pressure tunnel. The original afrfoll data were
cross-plotted against Reynolds number and thickness ratio inasmuch
ag both varied along the span of the wing. Sample curves are given
in figures 1 and 2. From these plots the mection characteristics
at the varlous spanwlse stations were determined and plotted in the
conventionael menner. (See fig. 3.) The edge-velocity factor K,
derived in reference 9 far an elliptic wing, has been applied to
the section angle of attaock for each value of section lift coefficlent
as follows: '
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E(a azq + %o

Lift Distribution

Camputation of the lift distribution at an angle of attack
of 3° is shown in table V. This teble is designed to be used wherse
the muitiplication is done by means of & slide rule or simple
calculating machine. Where calculating machines capable of performing
eccumulative multiplication are avallable, the spaces for the
individuel producte in columns (6) to (15) .maey be omitted and the
table made smaller. (See tables VII and VIITI.) The mechanics of
computing are explalned in the table; however, the method for
approximating the 1lift coefficient distribution requires some
explenation. The initlally assumed lift-coefficient distribution
(column (3) of first division) can be teken as the distribution
given by the geometric angles of attack but 1t is best determined
by some simple method which will give a close approximation to the
actual distribution. The initial distribution given in table ¥
was gpproximated by '

S az‘/l_aze'
i 18|2 w (b) °t(a)

where Cz(m) is the 1ift coefficient read from the section curves

for the geometric angles of attack. This equation weights the 1ift
distribution according to the average of the chord distribution of
the wing under consideration and thet of an elliptical wing of the
sams aspect rdtio and span. When the 1ift distributions at several
engles of attack are to be computed and after they have been obtained
for two angles, the initial assumed ¢y distributicn for subsequent
angles can be more accurately eatimated in the following manner:;
Values of downwash angle are first estimated by extrapolating from
values for the preceding wing angles, and then, for the resulting
effective angles of attack, the 1lift coefficients are read from the
section curves.

The 1ift coefficients in column (13) of table V, read from
gection 1lift curves for the effective angles of attack, will usually
not check the assumed values for the first approximation. In
order to select assumed values for subsequent approximstions,
the following simple method has been found to yleld satisfactory
results. An incremental value of 1ift coefficient &Acy,, 1s obtalned
according to the relation (numbers in parenthesis are columns
in table V):
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pop = K28 = g+ 3[08) - G)]a+ [08) - 3w
m
K

where K has the following values at the spanwlse stations

5 X
0 to 0.8910 8 to 10

.9511 . 11 %o 13
9877 14 to 16

and ’(18) - (3i]m is the difference between the check and assumed
values for the mth spanwise station. The incremental values so
determined are asdded to the assumsd values in order to obtailn new
agsumed values to be used in the next spproximation. This method
has been found In practice to meke the check and assumed values
converge in about three approximations if the first approximation
is not too much in error.

Wing Coefficients

Computations of the wing 1lift, profile~drag, induced—drag,
and pltching-moment coefficients are shown in teble VI. Since the
lateral axis through the wing reference point contains the quarter—
chord points of each section, the x 'and 2z distences in
equation (18) are zero, and the pitching-moment coeffiolent of
the wing is determined solely by the values of cmc/h'

APPLICATION OF METHOD USING LINEAR SECTION LIFT DATA
FOR SYMMETRICAL LIFT DISTRIBUTIONS

Although the method described herein was developed particularly
for use with nonlinear section 1ift data, 1t is readily adaptable
for use with lineer section 1ift data with a resulting reduction in
computing time as compared with most existing methods. Vhen the
section 1lift curves can be assumed linear, it is usually convenient
to divide any symmetrical 1lift distribution (as in reference 10)
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into two parts — the additional 1lift distribution due to angle of
attack chenges and the basic 1ift distributlion due to asrodynamlc
twist. The calculation of these 1lift distributions 1s illustrated
in tdables VII to X for ths wing, the gromstric characteristics of
which were given in table IV.

It should be noted that tables VII and VIII are essentially
the same asg table V but arse designed primarily for use with
calculating machines capable of performing eccumnletive multi-
plication. TP such machines are not avallable, these tebles may
be constructed similar to table V to allow spaces for writing the
individuel products.

Lift Cheracteristics

Two 1ift distributions ere required for the determination of
the gdditiconal and basic 11t distributions. The first one is
obtained iu table VII for e constant angle of atback Cag (¢ = 0)

end the second one in table VIII for the angle of attack distributlon
due to the aerodynsmic twist (wag = 0). The check values of —1—
(column (18)) are obbtained by multiplying the effective angle

of atbtack ag. by c. The final approximetions sre entered in

teble IX es (Tl—) and c%c

Cﬂas) (Et')
cyC
~l—)( distribubion is the additional 1lift distribubtlion
Qo)

corresponding to a wing 1lift coefficient CL(aa ) determined in
S
table IX through the use of the multipliers wnpg. It is usually
C3.1.C
convenient to use the additional 1ift distribution —E%L— corresponding

to a wing lift coefficient of unity. This distribution is found
by dividing the values of -L—) by Cf,
(cag) (

The (?7 ‘ke " distribution is a combination of the Dbasic 1lift
t

distribution and an additional 1lift distribution corresponding to
a wing lift ccefflcient CL(e ') also detormined in teble IX. The

basic 1ift distribution 'TT“ is ghen determined by subbtragting the
“1a1 (°z°
additional 1ift distribution -5 CL(et') from 5 fey)
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Inssmuch as the wing lift curve is assumed to be linear, it is
defined by its slope and angle of attack for zero 1lift which are
elso found in teble IX. The meximum wing lift coefficient is
egtimated according to the method of reference 10 which is illustrated
in figure 4. The meximum 1ift coefficient is comsidered to be the
wing 1i1ft coefflicient et which some section of the wing bscomes
the firet to reach its maximum 1ift, that i1s, o3, + Cf €1 = ©lmax

This value of O is moot conveniently determined by findipg the

minimum value of Sl T Ot along the span as illustrated in table IX.
C?'&l

Induced~Drag Coefflcient

The section induced~drag coefficient is equal to the product
of the sechion 1ift coefficient and the Induced angie of attack
in redians, The 1lift distribution for any wing lift coefficient is

c 2a1° C1,°

The . corresponding induced angle of attack distribution may be
written as

@y = &g Cr, + %1y (24)

The velues of a3, and aj, are determined in teble X in the

€1.1C Cy, C -
seme manner ag 121 and —%f— in teble IX. The induced-drag
distribution is therefore

P40 90 o
P b 57.3
or .
: c c Ca. Cds. C
oo Mel o, Pelo o T (25)

b b b ' b
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where ‘ :
®d101% _ “lay® Mgy (26)
b b 57.3
Cdig1pC - ©781° %4y . czbc féél 27)
b b 57.3 b 57.3
and

cdi’bc _ Gz-bc d'i.b
b b 57.3

(28).

The calculebicn of each of these induced—drag distributions is
illustrated in table X togethsr with the numerical integration of
each distribution to obtain the wing induced—drag coefficlent.

Profille-Drag and Pitching-Moment Coefficients

The profile-drag and pltching-moment coefficlenta for the
wing depend directly upon the sechtion data and therefore their
calculation is the sems whether linsar or nonlinear sectlon lift
data are used. Forr the linear case the section 1ift coefficlent is

Cc, = C + C
1= %1, Lt ooy

for any wing cosfficient Cy. By use of this value for c, the

profile—drag and pltching-moment coefficients are found as in
table VI.

DISCUSSTION

The characteristics of three wings with symmetricel 1ift
distributions have been calculated by use of both nonlinear and linear
section 1irt deta and are presented in figure 5 together with
experimentel results. These data were teken from reference 1l.

The lift curves calculated by use of nonlinear section lift data
ere in close sgreement with the experimental results over the
entire range of lift coefficients whereas those calculated by use
of linsar section 1ift data are in sgreement only over the linear
portions of the curves as would be expected.
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It must be remembered that the methods presented are subJect
to the limitations of lifting-line thecry upon which the methods
are basged; therefore, the clome agreement shown in figure 5 should
not be expected for wings of low aspect ratloc or large sweep.
The use of the edge-velocity factor more or less compensates for
some of the effects of aspect retio and, in fact, appears to over
compensate at the larger valuee of aspect reatio as shown in figure 5.

Additlonal corparisons of calculated and experimwental deta
are given in reference 1l for wings with symmetrical 1ift distributions,
but very 1littls coumperable date are available for wings with
asymmetrical 1ift distributions. - Such date sre very desiteble
in order to determine the reliability with which calcuiated data
may be used to predict experimental wing characteristics. -

Langley Menmorial Aeronauticel Laboratory
National Alvisory Committee for Aeronautics
Langley Field, Ve. December 20, 1946
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AL LIFPY DISTRIBUTION

N 19 c;u_ e )
_[ik -5 () MJ
%z =0.9877 -0,9511 | -0.8910 | -0.8090 | ~0.7071 | -0.5878 | -0.4540 | -0.3090 | -0.1564 0
’aﬁl Ity T 18 17 16 15 N 13 12 11 10
-0.987T[ 19 915.651 | -166.985 a ~7.019 ] -1.401 0 -0.}486 o ~0.230 | 1 | 0.9877
-.9511| 18 | ~329.859 | UJ63.533 |-172.749 0 ~T.1438 0 -1.792, 0 -0.701 0 2 +9511
-.B910( 17 0 ~180.336 | 315.912 | -96.737 0 -7.073 0 -1.920 4] - .B1g 3 .8910
-.8090; 16 ~26.37) 0 ~125.2h6 | 243.69) |-B1.047 0 "~6,680 0 -1.977 0 N Bogo
-, 7071] 15 0 ~17.020 0 ~97.52l, BOZ.571 | ~T1.139 0 ~6.391 il -2.026 5 7071
-«5878] 1, -7.2Lé 0 =12, 60l 0 -81.392 | 177.054 |6L.735 0 -6.228 ] 6 5878
~5he| 13 0 ~5.166 0 -10.126 0 ~71.296 160,761 -60.725 0 -6.192 T Lsho
~.3080) 12 -2.958 0 -Jy.022 0 -8.596 0 -61..817 150.611 [«58.51L 0 8 .3090
-.1564 [ 11 0 -2.2)1, 0 ~%.522 0 ~7..60j, 0 -60.768 |Lh5.025 | ~-57.812 | 9 1564
0 10 -1.468 0 -1.804 0 ~2.86%5 0 -6.950 0 =58.553 1,3.239 10 0
<1584 9 ] ~1.153 0 -1,518 0 -2.55) 0 -6.530 0 -57.812 11 | -.156]
.3090| 8B ~,810 o} ~.9Lé s -1.319 0 -2.3h0 0 ~6,288 0 12 | =.3090
Lsho| 7 0 - 646 0 -.800 0 -1.176 ] -2.92 | 0 -6.192 13 | -.h5Lo
56878 & ~167 0 ~,530 0 - 691 o -1.068 0 -2.092 ] i | -.5878
qorL) 5 | o | -.568| o | o “eoh | o “oBL | o |-2.026 | 15|-.7em1
.8090 | 261 0 -.29] 0 -.566 0 -.520 0 -.903 0 16 | -.B090
.8910| 3 V] -.192 0 ~.225 .0 - 297 0 - .52 0 -.819 17 | -.8910
29511 | 2 118 0 ~.130 o -.161 0 -,22L 0- - 361 0 18 | -.9511
S8TTL 1 0 - .060 0 -.069 0 - 4090 0. -.13% 0 -.230 19 { -.9877
1 2 5 I 5 & 7 8 9 10 " _251
OB7T «9511 +8910 .B090 ~TO73 .5878 -Lsho <3090 +1564 0 %l \

® yalues of X at top to be usad with valuse of m at left slde,

aanuea of k at bottom to bs used #ith valuss of m at right side.
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TABLE II.~- INDUCED-ANGLE-OFP~APTACK MULTIPLIERS )\-k FOR SYMMETRICAL LIFT DISTRIBUTIONS AND vy FOR ANTISYNMBTRICAL

LIFT DISTRIBUTION3

WULTIPLIERS A,

a,_k = % (E%‘f.)m)\ ik

?g 0 0.1564 043090 0.4540 0.5878 0.7071 | 0.8090 0.8910 0.9511 § 0.9877

¥ o 10 9 8 7 6 5 4 3 2 1
o 10 | 143.239 -58.5%3 0 -6.950 0 -2,865 0 ~1.804 0 -1.468

0.156} g |=115.62p | 145.025 [-67.298 ¢ -10.158 0 -4 .840 0 -3,39L 0
3090 -8 0 -6i;.802 {150.611 -67.157 0 -9.916 0 -i1.968 0 -3.768

.Lslo 7§ -12.38) 0 -62.917 {160.76) =T2.472 ] -10.926 0 -5.812 0
5878 é 0 -8.320 0 -65.,805 177.054 |-82.083 o ~13.134 o -7.715

~7071 5 -l.051 0 -7.372 0 -71.7h3 |202.571 -97.965 o ~17.388 0
85056 L o -2.88c 0 -7.208 Y B e 1Y 2h3.694  1-125,537 2 26,535

8910 3 -1.638 o ~2.371 0 ~T.370 v} ~96.962 315.512 |-180.528 0
9511 2 0 -1.062 o -2.016 0 ~T+599 ] -122.880 | 463.533 |329.976
»9877 1 -0.459 o -0.620 0 -1.91 v -7.089 0 -167.045 |915.651

I A
WULTIPLIERS ¥ o.ik=; :i.“_)l Yok

-1s6l ¢ 1h5.025 =5l .237 o ~-5.00L9 0 , -1.80k 0 =1.087 ]
.3090 8 =52.226 150.611 -62.477 o) =T.277 Q -3.076 0 -2.07

Jisho 7 V] -58.533 160.761 | -70.120 v} -9.326 0 =h.519 o
+5878 3 <4136 0 -563.668 | 177.054 |-Bo.701 Q -12.07L 0 -6.779

L7071 5 0 -5.J410 0 -70.535 |202.571 -97.,084 0 -16.651 0
.8090 Ly ~1.07h o -6,152 0 -80,701 21,5 .69l =12}, .955 o -26,11%

8910 3 0 -1.1;68 0 -6.T15 0 ~96.512 315.512 [-180.145 o
+9511 2 =340 0 -1.567 e -T.217 0 -122.619 h63.555 |-329.741
9877 1 0 ~,35% v} ~1.Z11 0 -6.950 o ~-166.926 915.651
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TABLE TII

o= WING-COEFFICIENT MULTIPLIERS

%I m Thm "ims ©m Oma
-0.9877 19 | 0.01229 -0.00607

-9511 18 .02L27 -.01154

-.8910 17 .03066 -.01589

-.8090 16 .04 616 -.01867

-T7071 15 | «05554 -.0196l

- 5878 1 .0635) ~.01867

-1540 13 .06998 - 01589

-.3090 12 07470 - =01154

- 156l 11 07757 -, 00607

0 10 .0785 0.0785l; 0 0

.156L 9 07757 .15515 .00607 | 0.0121}4

«3090 8 .07L70 «14939 .0115l | .02308

1540 7 .06998 .13996 01589 | .03177

.5878 é 0635l .12708 01867 | .03735

.7071 5 .05554 .11107 0196 | .03927

.8090 I 0L 616 .09233% .01867 03735

.8910 3 .03066 07131 .01589 | .03177

«9511 2 0227 .0485) 01158l | .02308

.9877 1 .01229 .02L 57 .00607 .0121h
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TABLE IV - GEOMETRIC  CHARACTERISTICS OF EXAMPLE - WING .
Toper rafio , c /¢, 2,5 Root gection ACA L)i20
Aspect rafio , A 10.05 Tip section NACA Lii12
S‘:pan,l:,ﬂ — ;g-gg ?enmeirlc 1-isi,lE,,deg ‘2 -;?8
mred,5 , 5§ Lo )7 Asrodynomic twist, €yaeg i L= s
Root chord , c,,ft 2.14% Edge velocity factor,E 1.04]
Mean chord, &1t 1.193 Wing Reynolds number, R 21490, 000
Meon  oerodynamic chord,c',ﬂ___ﬁif@_ ons,deq =3.90
2y t Rx |0 ¢ ¢ ¢ ¢? a G, & €} €, deg | €, deg
—_ : — —_ —E o S ¥ = ’ ’
b ¢ ‘s b ¢ te | P Gt)Geom. Geom. |  Aero.
0 0.200 | k.70 |3.,0000[0.1429 |1.435 R.932 [0.0969]0.01385 o 0 0
01564 Jlae li .26 anko 1aac |1 zon 1+ eps nnz nvala ntanl ~_2) -0 225
LE r 2] =X 1= [ Bv A A% =% sltad) e JVNS e NI OU:’_!j 2410 PA—AY A == ot L,
3090 |
188 | 3.9% Bik6] .316L [1.169 [1.282 +0978| .01138] 15171 =.53 |--.
4540
180 | 3.L «7276| .10L40 [1.04h [1.022 -098} .o:tgzj[ 20961 -,87 -.849
%878 | an | s.0h OU73) 0925 | .929 | .B09 09911 ,00017! .36321-1,27 |-1.235
ot )
.161 2 l70 .5757 .0825 .826 !61'-0 00999 '0082-2 lh913 -1 l72 -1 -6?0
8090
«150 | 2.h2 .51h6 | .0735 | .739 | .;12 .1007| .007h0| .6288|-2,20 | -2.138
-89l 139 2.18 Ji B8N (47443 G68 1R 1ni); nns7). 2teRl 2 £0 a Lk
L2 L STEV AL " UV & UL LA » LS Ll sVUY s [UIU | =5 s U =C s DY
L9511
2129 | 2,02 | .Lh29%| .0613 616 +356 .1Q2Q__,_Q_ozli.ﬁﬂn2 =2,10 | ~3,013
9877
123 | 1.4k +30611 OLZ7 | 039 | 181 1021 | .00hh6| .9698]-3.39 | =3,297
For fapered wings with straight-line elemenis from root to construction tip
- (1-=£ £ ..
-%-S l (' _5:.-) 25! ( Eg )Geom. s g ~

8921 *ON NI VOVN
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TABLE X .- CALGULATION

OF LIFT DISTRIBUTION FOR_. exuerr  wiNG®

32

First_approximation
Tl 3 1@ 15 ] (e [ (70 [ (8 [ (o) | (ioy [t | G2y | 3) T (143 T (151 [te | un [ (18}
%y_ il e | qc ) i X column (5) o | Xt O
b b
g el pmeomaa [Tt p3xia) | O 11564 ] 3090 | 4540 [ 5878 [ 7071 [.soso.esio [.9511 [.9677 E’@’mew,,
o 143.239 |-58.53 [o] ~-6.950 [o] -2.865 [+] -1.804 0 -1.468
3,00 0,513 0.112¢ 0,0733 10,50 Hh.29 | 0 S Q-2 0 =13 o =12 N.88)3.32 [0.L6]
1564 H15.6241145.925.~ Q ~10158 Q ~4.840 Q -3394 (o]
2.7 .17 .1299 .067d -7.75 | 9.72 251 ¢ =68 9 =32 g =23 0 . | .l
3090 O K 150.611 -67.187 [o] -9.916 Q -49€8 Q -3.768 |
. 2.k . 0 |-3,98 190,17 }-h® 9 - 9 -.30 9 =23 29057 | .o
F2.384 o __l-e2917]i60.761 |-72.472| © -10.926 o |[-5.8i2 [+
45401, 14 .. 2100 2267 (s} 3,10 | =%,91 Q - i) =31 0 25
o -8.320 0 -65.803)177.054/-82083 O -13.134 ¢} -7.713
5878 1-7% . 0929 .ohb3 @ ~.3%9 0 -3,05 8.20 [-3.80 Q =61 0 ~36 600 .13 «5C0]
70 -4.05] o] -7.372 o) -71.743 [202.57! |-97968 o] 17.388 o]
fon | .0824 ,0%9% -,16 0 =429 9 ~2.82 | 7.96 -3.85 | 0 =68 Q 169 163 By
80%0 [s] -2.880 [+] -7.208 2] I-81.434 |243.694]-125.537 o] -26.635
N . 0318 0 =:09 Q =23 0 -2.57. 170 K 1] : 55 25 Jlg
91 -1.638 0 |-237i1 0 |-7.370| O 196962315512 180528 O
-8910 " g -.oh 0 =506 0 -18 -2.32 7.5 |-4.31 [+] Ji2l.10 13
o5 4] -1.062 [+) 206 [ O —7.§99 0 [H22880/463.533-32997
-981 20174 0 =02 0 -.03 Q =23 0 |=24a1 '6’;'%5 5,68 JTE87 .
0459 Q -0.620 o -1.491 5] -7.039 [+] HET.045 915
9877 _xd 31 .03 0 9 =03 0 =301 [} -.07 o) - 1.67 | 9.16 1.95}-2_.1;_ .1
2188 .98 .90 7 .60 .65 .55 b2 7 1 1.5k
Second approximatl
143.239 -58.533 o -6950 [s) 2865 (o] -1.804 1) 4468
o 2.00 .Lo8 l.ak29 1.0712 | 10.20 |-k,3i7 o) =ali9 0 1= o -3 0 =10 .63 1,29 | ho1
564 L15.624{1458.025]-67.298] o [-10458F o |4e40 o {-3394| O©
2.76 51611295 10668 ) ~7,72 | 9.69 | -h.50 0 - g - 0 =23 g 11.001.69
0 |-64.802[150611 |-67.157] O [-9.916 ] -4.968 0 |-3768
-3090 247 .52 1.1124; 1.0610 Q =3.9% 9.19 {-k.c Q .60 [*] =30 (] =23 99 1. o517
4540 -12.384 0 62.917{160.761|-724 72 0 -10.926 Q -5.812 0
i 2,13 .517 1.10k0 {,0538 =87 ') -3,38 g._ég =3,90 Q =259 +] =31 '] g 1.39 | .517
5878 [s] -8.320 [+ ~65.803|177084[-82.083 0 -13.134 o -7.713
‘ 1,73 .500 0026 [,0l:6% Q -,39 0 =3.05 8,20 1-3.80 | 0 =61 (4] =36 60 1,13 | .500
7071 -4.05] [¢] -7.372 o] -71.743 |202.571{-97965 Q -{7388 [+]
. J78 l.0825 l.o%93 | -,16 [} =29 0 = sl.gﬁ | -3.85 o | -.68 5 . .70} Lo
8080 [¢] 2.880 <] -7.208 [¢] 4354 | 243694 [-125.537 0 [-26.638
: hka |.07% 0 =09 Q =23 o 1-2,&: 7,90 _l-b.07 | 86 £) .19
8910 -1.638 0 2371 0 |-7.370 0 |-96.962 315.51 WQBEE 0
o66s l.o25h | -.0k (1] -.06 g =19 =2.46 -l . o749 =.38] .386
. -1.062 0  |-2.016 4] -7.5%9 4] 4635333299
. =14 . L0613 _1.0179 Q =02 g | -0 Q =il Q =2.20 8.50 |-5.91 289 ~.99| .312
2877 -0.459 0 -0.620 0 «1.491 [o] -7.089 <] 87045 91565 j
. - 219 L.alix7 oq% 2 [ =201 0 =01| .o =0T 0 -1.60 [ 8.79 |1.33 -2.74 .228
1.61 1.07. Th +60 . 261 +70 .89 1.
Third approxlmation
o 143239[-58033 [+] -6.950 0 -2.865 ] -1804 0 -1468
,00 JLor! .3k29i .0730) 10.27 [ -h4.16 0 =49 0 ~20 0 13 0 =10 . L5
1564 F115.624|1a5025167.298] © |-10.158 [S) -4840] o [-3.394 0
517 ] 32951 .0670! 7,75 | 9.72  lh.m1 [ -.68 0 -32 .| @ =23 9 A2 0.6 %8
3090 0 [64.802]I50611 [-67.i157] O -9.916 0 |-4968 0 -3.168
z.h-J . Jdafk} .0 ) =3.5h 9.16 =508 <] =60 ] =30 o ~23 29 2521
4540 -12.384 0 |-62517[160.761}-72472 o -}]-10926 ] -5.812 0
: 213 .5 loho! ,0537) -.67 o [-3.38 8,63 | -3.8 0 =59 0 . 71 0 9 [.517
5878 Q -8320 0 65.803 [ 177.054{-82.083 [e] -3 134 Q |-7.713
. 1.73 .500] ,0025) ,0h63 (<] =39 Q =5.05 8.20 |- =61 Q ~36 |.600R.1% |.,500
7071 ~4.051 o |-7.372 0 |-71.743[202571 -97%65 o |-17388] ©
: Lza !l 0823 [ 039k | -,16 g =429 Q -2.8% 17, = 1 =60 289} o 79
080 0O f2880| O |-7208[ 0O T '?ﬂ%ﬂ'—esb 30 [ -6
: Jhs| .o73s| w0326] o ) 0 -23 o |-2.65 o 87 |, 8 lLLk2
8910 -1638 0 |-237t o [-7370 0 |Se9e2 315%2 -|aa?28 0
i 385 | L0665 ] 0256 | -.0h 0 -,06 0 ~19 Q 2,48 8, kb ,62 720 |- 386
o511 O _[-1.062 0 |-2.016 0 |-7.599 0 12288 4535333'28'57_5 -

: =10 299! 0623 | ,0183] o -.02 9 - 9 -1k [ -2,25 } -5.;% .99 11,00
9877 -0.45% ] -0.620 0 |-1.491 0 [-7.089 0 [467.045[915.6! R
=34, 371, 0 o =01 o =01 0 -.07 0 =1, 8.97 1.76

1,55 1.12 291 s 50 59 .52 70 Qg 1.37

°Mmbers oppearing in  porentheses dencte column number.
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TABLE YI .- CALCULATION OF WING COEFFIGIENTS FOR ___EXAMPIE wine®
[A=.20,05 ; @, _3.00 1]

() (2) (3) (4) (5) (6) (n (8) (9) (10) ) (12)
2y |Mukipliers c. ¢ a 57.3¢cgc ¢, tq L Cd, C Cm ct ¢ &
b Tms rrc_:i?z) rrlgglg:m (3)x (4) |Table¥) ‘5"4’;}: (TableT0) | (7)x (g1 |©S8ion mfm Hodx )
o 007854 0.0710' 1.55 | 0.1101} 0.4971 0.0077{1.435 | 0.0110]-0.081 | 1.932 |=0.156
0.1564 | 16515 0670| 1.12 .0750| .517| .0078|1.300 .010%| ~-.081 | 1.586 | -.128
3090 | 14939 | .0608f .91 0555 522 .0076]1.169 .0089| ~.081}1.282 | -.104
4540 | 13998 | .0537] .Th .0397 516} .0076{1.0L .0079] -.082 ] 1.022 | -.08L
5878 | 12708 | .0L63| .60 .0278] .500| .0076| .929 +0071| -.085| .809 | —.069
.T071 | .07 0394 .59 02321 W79 .0076| .826 .0063| -.090| .640 -.058
8090 | .09233| .0%26| .62 0202|° 43| .0076] .739 0056 =.092] .512 | -.0L47
8910 | on3l :0256] .70 0179 .3851 .0076] .668 0051! =-.092! 4181 -.038
9511 04854 .0183| .99 0181 .299} .0076| .616 .0047| -.092| .356| -.0%3
9877 | 02457 .0098| 1.37 013l .22 | .0079] 439 +0035} -.091| .181 | -.016

¢, =a=fi2)x (3= _.0.L90
Cp = A f2)x (5))/57.3= _0.0078

Co,x [2)x (a1l 040077,
Cp" =[2)x¢el _ -0.08

9 Numbers appeoring in  poreptheses dénole  column  numbars.
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TABLEYAI - CALCULATION OF LIFT DISTRIBUTION FOR ..__ Bk  WING; &=0"
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Fig. 4 NACA TN No. 1269
/-6 °1max - czb__\ P
T | —|{© imax
/.4___ _.__;:-;"—"" \\
L —1 . N
— 1T ™ 1.370
12 el &
\
/ == s s YN B 4 B o N \
T \\\ \\
K-
¢ \ |
‘ \
6
4
NATIONAL ADVISORY
2 COMMITTEE FOR AERONAUTICS |
y A
0 —] ———
— 1 j
=2 .
0 ¥ 2 3 4 2 S .6 Nd .8 9 1O
Vb

Figure lL.- Estimation of Cr, , for example wing. (Crpax ©8timated to be 1.37)



16 .
-O— b,
Ea ] I
4 - b
K A F
o /3//’ .
A , B
1.2 2 Ad
Yl Experimontal l/ xperdmontal 1 3
% | ™~1— opaleulated (nonlinear) cxloulatad
10 T—  oalouleted { linesr ) L {nofllnear) —F=

oulatad
\—-.._cu(lrheu)

e ot o Lol o=k

o

COMMITTEE I'T AEIIHMITICS

/
gé MNATIONAL ADVISORY
/|
Y- §

2
0 02 04 06 .08 .0 .12 .14 o 4 8 12 16 i
G, @g

(») &= 8.04, B= L,320,000, root section WACA Lh16, tip asotion NACA a2,

Maure 5,~ Bxperimental and caloulated aharactoristlios of thres wings of taper ratlo 2.5
and NAQR ljj-series airfoll asations.

88231 "ON NI VOVN

BG *S1d




/6

12 / / |

10 £ A !
™~ pxperimental &t prperimental < 'T
ﬁ \—— Onloulated (nonlinear) & \ caloulatad
8 I/ ~}— calowlatsd ( linear ) //? -~ oad uﬁr&!&mw)
q : 7 {anee )
) /

B N
e

or '
9 A NATIONAL ADVISORY s
‘ l : COMMITTEE FOR ABRONMITICS
» ! LT
0 02 .04 06 .08 .10 .2 /4 -4 o 4 8 2 16 S o =
Co X Cm

{b) A= 10.05, R= 3,400,000,root ssotion WACA 420, tip mection Wack LL12,
rlguro 5.~ Contloued.

qg 314

92T ‘OoN NI VOVN




80T "ON N.L VOVN

4
0| 20
/.2 . / m‘p o0 %\
P A N
e i i
/
;< 44 1"'\_
/-0 sy T — - L= ﬂ'?‘, h
o ~_l_ Experizental ;7* -]
N AL I'
J ) R ~_]__ Calculated (nonlinear) Exporimental
8 5 < Calenlated { linear ) Jfé S | Caloulated
j - N ‘ ’ \ D i {nonlinear)
ﬁ? N Oaloulated

. ( linear }
6
/ f‘f

i

e

— —y— [ o T =00 o=

iy
Lot

0 02 04 06 .08 .o .12 .14 -4 () 4 8 2 Ile
c a

(c) A= 12.06, R= 2,870,000, root seotion MACA 442, tip sactiom MACA hlna.
Plgure 5.~ Concluded.

og "31d




